PrP glycoprotein gene polymorphisms were examined in Swaledale sheep affected by natural scrapie, in healthy sheep and in Swaledales selected for low susceptibility to scrapie. The three groups differed significantly in frequencies of PrP genotypes detected by the restriction enzymes EcoRI, HindIII and BspHI, the latter being indicative of a PrP protein amino acid difference at codon 136. These frequency differences were confirmed in a single-flock study and present good evidence that scrapie susceptibility and resistance are associated with PrP gene variants in Swaledale sheep.
Introduction
The first experimental transmission of scrapie by injection of brain and spinal cord from an affected sheep into a healthy animal was announced in 1936 (Cuille & Chelle, 1936) . Since then it has become clear that sheep are not uniformly susceptible to such inoculations (Gordon, 1966; Dickinson, 1976) . Natural scrapie has a familial appearance which may be indicative of a genetic disorder (Parry, 1960) or of genetic control of differences in susceptibility to an infectious pathogen (Asher et al., 1983) .
Studies of varying incidence of scrapie have been facilitated by flocks of sheep selected for predictable responses to inoculation with scrapie, such as NPU Cheviots which have high and low susceptibility lines [at the Institute for Animal Health Neuropathogenesis Unit (NPU) in Edinburgh] and low susceptibility Swaledale sheep [at the Ministry for Agriculture, Fisheries and Food (MAFF) Experimental Husbandry Farm, Redesdale, Northumberland, U.K.].
Scrapie and scrapie-like diseases are associated with polymorphisms and mutations of the gene coding for PrP, a host neuronal membrane glycoprotein which is found in an aggregated form (scrapie-associated fibrils) in extracts of brain tissues from all mammals affected by these diseases (Westaway et al., 1987; Hsiao et al., 1989; Owen et al., 1990; Goldmann et al., 1991) . In NPU Cheviot sheep (see Fig. 1 ) there are two non-coding region polymorphisms (EcoRI and HindIII) of the PrP gene associated with different scrapie incubation periods (Hunter et al., 1989 . In addition, four PrP protein variants have been predicted from their DNA sequences and differ at three positions: codon 136 (alanine or valine), codon 154 (arginine or histidine) and codon 171 (arginine or glutamine) (Goldmann et al., 1991) . The restriction enzyme RspXI (and its isoschizomer BspHI) detects two of these polymorphisms, cutting the DNA sequence encoding valine at codon 136 (valine-136) and histidine at codon 154 (histidine-154). The PrP variant with valine-136 is associated with the sA allele of Sip, the gene that controls the incubation period of the experimental scrapie source SSBP/1 in these sheep (Goldmann et al., 1991) . The sA allele confers a relatively short incubation period and is partially dominant over the other (pA) allele (Dickinson & Outram, 1988; . The association of valine-136 with susceptibility (in terms of appearance of scrapie symptoms) to SSBP/1 has also been confirmed in Cheviot sheep in the U.S.A. (Maciulis et al. 1992) .
A low susceptibility Swaledale flock was started in 1973 (Hoare et al., 1977; Davies & Kimberlin, 1985) by inoculating sheep subcutaneously with scrapie and breeding from the survivors. Two ,pools of natural Swaledale scrapie were used (SW73 and SW75) and susceptibility was again apparently determined by a single gene with two alleles, the dominant one resulting in a shorter incubation period. It is likely, but not proven, that this gene is Sip. This flock (now at MAFF Redesdale) has been built up to about 200 breeding ewes and natural scrapie has never been seen in the Redesdale nucleus flock (A. J. Chalmers, personal communication).
Our studies of NPU Cheviot sheep PrP genotypes have produced information useful in determining the mol- ecular basis of susceptibility to scrapie and also in the prediction of which animals will succumb to experimental challenge. It was not certain that the same PrP gene polymorphisms would be associated with scrapie susceptibility differences in other breeds of sheep or indeed with the natural disease. Therefore, in the present report, the PrP genotypes of Swaledale sheep affected by natural scrapie were compared with 'scrapie-resistant' Redesdale Swaledales and with control groups of healthy Swaledales from other flocks in the north of England. Complementing this study is the observation of a single flock where scrapie-affected sheep were compared with age-matched healthy flockmates.
Methods
Sheep. All the sheep described in this paper are of the Swaledale breed and are from different flocks as follows: (i) REHF, low susceptibility sheep (143 in number) from Redesdale Experimental Husbandry Farm, sampled during the period 1989 to 1992; (ii) control, Swaledales (86) from four different flocks in the north of England, healthy at the time of sampling and ages 2 to 4 years; (iii) VIC, natural scrapie cases (53) consisting of Swaledale sheep sent to veterinary investigation centres (VIC) between September 1989 and February 1992 and originating from a large number of flocks; (iv) Group VI, a group of scrapie sheep (not included in the VIC group) from a flock of more than 1600 Swaledales and so named to preserve confidentiality and to distinguish them from groups I to V which are still being studied. From this flock, 24 confirmed scrapie-infected sheep were compared with 48 unaffected flockmates.
All natural scrapie diagnoses were confirmed by histopathologieal examination of brain sections by veterinary investigation centre staff and cases not confirmed in this way were excluded from the study.
Sheep inoculations. The PrP genotypes of three Swaledale sheep challenged with scrapie prior to introduction to the Redesdale nucleus flock are reported. Subcutaneous injection of a thigh with 5 ml of 10 % (w/v) saline homogenate of the Swaledale natural scrapie brain pool SW73 (Hoare et al., 1977) was carried out by staff at MAFF Redesdale.
DNA preparation and analysis. High M r DNA was prepared from blood, liver or brain tissue using the Applied Biosystems Nucleic Acid Extractor (340A) which uses a modification of the method of Blin & Stafford (1976) . Digestion with EcoRI or HindIII, and then electrophoresis and Southern transfer analysis were carried out using a sheep PrP genomic clone, pNPU42, as described in Hunter et al. (1991) . To detect the polymorphisms at codons 136 and 154, the sheep PrP gene was amplified by PCR and digested with the restriction enzyme BspHI using the method described by Goldmann et al. (1991) except for the use of additional primer otigonucleotide (622), CACATAGGCAGTTG-GATCCTGGTTCTC.
Not every animal was tested with all three restriction enzymes. The accuracy and efficiency of the PCR reaction was monitored using standard Cheviot genomic DNAs and approximately 10 % of PCR-based results were confirmed by conventional Southern analysis of the genomic DNA as described in Goldmann et al. (1991) .
Description of DNA polymorphisms. EcoRI and HindIII polymorphic fragments, revealed by Southern analysis, are illustrated in Fig. 1 and described as follows. EcoRI fragments of 6.8, 5.2 and 4.4 kb are termed el, e2 and e3 respectively; HindIII fragments of 5.0 and 3-4 kb are hl and h2 respectively. Fragments el and h2 are associated with scrapie incidence and e3 and hl with relative resistance following SSBP/1 experimental challenge of Cheviot sheep (Hunter et al., 1989; Maciulis et al., 1992) . el is associated with the incidence of natural scrapie in a wide range of breeds (Hunter et al., , 1992 ; e2 has an as yet unassigned association with scrapie and is not indicated in Fig. 1 .
The amino acid numbering system is different from that described in Goldmann et al. (1991) . For the sake of uniformity with mouse and human PrP gene numbering systems the codon number instead of the amino acid number was used. BspHI-136 and BspHI-154 describe the two BspHI polymorphic sites ( Fig. 1 ) and a plus sign (+) indicates a successful cleavage whereas a minus sign (-) indicates an unsuccessful cleavage of the PCR product at these sites on each allele. BspHl-136 (+) is associated with incidence of experimental scrapie in Cheviots (Goldmann et al., 1991 ; Maciulis et al., 1992) .
Analysis of results.
Genotype comparisons were analysed using chi-squared tests of association. For each enzyme, the frequencies of all genotypes in one group of sheep was compared with those of all genotypes in another group. (143), in contrast, have very high frequencies of the e3 fragment with 66 % e3e3 homozygotes. This difference (VIC/REHF) is significant 0(2 = 91"89; P = < 0"0005). When compared with the control group (86 sheep) which has 34 % elel, 42 % ele3 and 24 % e3e3, the VIC and the REHF scrapie cases were significantly different 0(2= 9.92 and 59.65; P = < 0.01 and < 0"0005 respectively), VIC sheep having higher frequencies of el and REHF sheep higher frequencies of e3.
Results

Pooling of controls
HindlII analysis
HindlII PrP genotypes are presented in BspHI-154 analysis is not presented. Frequencies of (+) and ( -) at this site were found to be so variable in the control group that it was not possible to decide whether the results from scrapie-infected sheep were significant or not.
Age analysis
The age of the VIC natural scrapie Swaledales was known for 59 sheep: the mean was 4.3, the median 4-0 and the range 2 to 8 years. Most of the cases (75 %) were between the ages of 2 and < 5 years and these figures accord well with the age range reported for incidence of scrapie (Dickinson et al., 1964; Hunter et al., 1991 Hunter et al., , 1992 .
Comparisons of ages at death from scrapie among the different PrP genotypes showed no significant differences is shown in Table 2 .
N. Hunter and others
Group VI flock study
The results presented in Table 1 It was a matter of some concern that the VIC cases might not represent typical scrapie cases. During the study period the disease was not notiflable in Britain (as it is to be from January 1993), and there was therefore no necessity for farmers to request a VIC diagnosis. Such a request may be indicative that a farmer is unfamiliar with scrapie, or that the sheep is recently purchased or an especially valuable animal (Wooldridge et al., 1992) . One indicator of possible bias is the sex ratio of the VIC Swaledale cases. This was known for 49 animals of which 29 % were male, an extremely high figure but similar to that of 23 % found in a study of VIC scrapie cases of a wide range of sheep breeds by Wooldridge et al. (1992) .
As this was such a strong indicator of selection bias, we undertook the single-flock study which is reported below.
Group VI sheep (all female) originated in a large flock of Swaledale sheep in the north of England which presented 18 confirmed scrapie cases in November 1990 followed by six confirmed cases in March 1992. The PrP genotypes of these animals were compared with those of 48 unaffected sheep in the same age cohort as the first 18 cases, which were between 2 and 3 years old when they died. The unaffected sheep were sampled in late 1991 and were still alive and healthy at the time of writing. These were all analysed using EcoRI, HindIII and BspHI. The second group of scrapie sheep were between 3 and 8 years old when they died in March 1992 (mean 4.5; median 4.0 years). This group was analysed with BspHI only and the results were pooled with the first 18 Group 
Experimental challenge of Swatedale sheep
Some preliminary evidence is available from the challenge of Swaledale sheep with the source of scrapie SW73. Scrapie challenge of purchased rams is carried out routinely before they are introduced to the Redesdale nucleus flock in an effort to maintain the low sus- Table 4 . Sheep SDWl173 which survived for 6 years following challenge (and did not die of scrapie) was homozygous for e3 and for hl and for BspHI-136 (-) all of which are putative markers of resistance. Sheep SDW203 which, in contrast, succumbed to scrapie 240 days following challenge was heterozygous for el and h2 and homozygous for BspHI-136 (+), which are all putative markers for susceptibility. The sheep SDW207, however, had the genotype elel:hlhl:BspHI-136 (--) with the EcoRI genotype suggesting susceptibility, but the HindIII and BspHI-136 genotypes suggesting resistance. Following challenge, this ram developed atypical scrapie symptoms and died in 1075 days which, at nearly 3 years, is a very long incubation period. Histopathological examination of brain sections revealed spongiform lesions typical of scrapie.
Swaledales are now being challenged with scrapie in controlled conditions in order to try to clarify the interaction between PrP genotypes and experimental scrapie incidence in this breed of sheep.
Swaledale PrP gene sequencing
Partial sequences of PCR products were obtained from three natural scrapie cases, three REHF sheep and one control animal for the sole purpose of confirming that digestion assays carried out on PCR products with BspHI correctly represented valine or alanine at codons 136 and 154. Sequencing was carried out on natural scrapie sheep DNA from between codons 55 and 204, on REHF sheep DNA from between codons 60 and 230 and on control sheep DNA from between codons 112 and 254 (data not shown). No evidence of polymorphisms in the number of octapeptide repeats (codons 54 to 95) was found from PCR product sizes and the only other polymorphisms detected were those described previously at codons 136, 154 and 171 (Goldman et aI., 1990, 1991) . None of these animals carried the polymorphism at codon 112 found in Ile-de-France sheep by Laplanche et al. (1992) . It is possible, however, that other novel polymorphisms exist outside the sequenced region.
Haplotype analysis
Analysis of the PrP haplotypes, as defined by the combination of the four polymorphisms [el/e3; hl/h2; BspHI-136 ( + )/(-); BspHI-154 ( + )/( -)], revealed that most possible combinations were present in Swaledale sheep, with the marked exception of BspHI-136 (+) (valine) combined with BspHI-154 (+) (histidine). This protein variant has not been found at all in over 1000 sheep of various breeds (unpublished observations). There are frequency differences of the various haplotypes between groups of sheep, with some haplotypes apparently rare. Association of haplotypes with scrapie is also significant: el, h2 and BspHI-136 (+) are separately associated with incidence of scrapie, and the haplotype with all three was also strongly associated with scrapie in VIC cases and in Group VI scrapie sheep.
Discussion
This study extends and strengthens our previous work on the association of PrP genotypes with incidence of natural and experimental scrapie in sheep. Swaledale sheep affected by natural scrapie were more likely to carry the EcoRI el and the HindIII h2 fragments than were control healthy Swaledales. These fragments have been associated with the Sip sA allele, which results in a short incubation period in NPU Cheviots following injection with SSBP/1 scrapie, and with a short SSBP/1 incubation period in a group of U.S.A. Cheviot sheep. Fragment el is found in around 90% of sheep with natural scrapie in a wide range of breeds. In contrast, Swaledales selected (at MAFF Redesdale) for scrapie resistance had high frequencies of e3 and hl which are fragments previously associated with a long incubation period of SSBP/1 scrapie in Cheviots, and therefore with the pA allele of Sip. The e3 fragment is also found at much higher frequencies in healthy sheep than in those affected by natural scrapie (Hunter et al., 1989 (Hunter et al., , 1992 Maciulis et al., 1992) . These polymorphic restriction sites lie outside the PrP protein coding region and so their corresponding with differences in susceptibility may be fortuitous.
The polymorphism at BspHI-136, however, is indicative of an amino acid sequence difference in the PrP protein. Variants having valine or alanine at position 136 have been previously shown to be associated with a short and a long incubation period of SSBP/1 scrapie, respectively, and by implication with the sA and pA alleles of Sip (Goldmann et al., 1991; Maciulis et al., 1992) . The high frequencies of valine-136 in scrapieaffected Swaledales and low frequencies in REHF 'scrapie-resistant' Swaledales confirm the association of this PrP protein variant with incidence of both experimental and natural scrapie. Alanine-136 is similarly associated with a long incubation period and absence of natural scrapie in both Cheviot and Swaledale sheep.
The valine-136 PrP variant has also been found in scrapie-infected Romanov and Ile-de-France sheep in France (Laplanche et al., 1992) with the alanine-136 variant at higher frequencies in healthy controls. These markers for scrapie susceptibility originally found in NPU Cheviot sheep (Goldmann et al., 1991) may therefore have more general application.
This study underlines the importance of the MAFF Redesdale Swaledale flock to Swaledale sheep farmers as a source of sheep with resistance (or low susceptibility) to scrapie. The PrP genotype frequencies of REHF animals are very different to those in scrapie-affected animals. The possibility that this difference is the result of a founder effect has been made less likely by the use of rams from outside flocks (after survival of scrapie challenge).
What of the single animal BspHI-136 (--) which succumbed to scrapie challenge in 1075 days? Similar long incubation periods in Swaledale sheep injected with SW73 scrapie have been reported previously by Davies & Kimberlin (1985) who suggested that such animals were 'heterozygous susceptible' and those with shorter incubation periods (averaging 287 days) being 'homozygous susceptible'. We must reserve judgement on this pending the results of further direct challenge experiments and assessments of the involvement of other polymorphic codons.
The strong association of the valine-136 PrP variant with scrapie incidence in Cheviot and Swaledale sheep is not quite 100% in natural Swaledale scrapie cases [see Table 1 (c) where 5 % of VIC natural scrapie cases were BspHI-136 (--)] and indeed the valine-136 variant has not yet been found at all in some breeds (unpublished observations).
In human Gerstmann-Straussler syndrome (GSS) and familial Creutzfeldt-Jakob disease (CJD), various PrP gene polymorphisms or mutations have been linked with disease incidence in different families. Most, but not all, GSS families have a proline to leucine substitution at codon 102 (Hsaio et al., 1989 (Hsaio et al., , 1991 and there are many different PrP mutations associated with familial CJD (Owen et al., 1990; Goldfarb et al., 1992) . By analogy, different sheep breeds and flocks (sheep 'families') may also have different predominating PrP genotypes in their scrapie-affected members. The single-flock study (Group VI) reported in this paper where all 24 scrapie cases carried BspHI-136 (+) may therefore indicate that the most reliable use of such genotype testing is within a single flock.
We can conclude, however, that PrP variants with valine or alanine at position 136 have the strongest link so far described (95% of natural scrapie-affected Swaledale sheep carry at least one allele encoding valine-136) with both natural and experimental scrapie susceptibility differences in sheep. The molecular mechanisms that may be involved in this process are as yet unclear, but this does not prevent the use of these genetic markers in the study of scrapie incidence and pathogenesis and in the breeding of low susceptibility sheep.
